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Synopsis 
Organic chemistry-the chemistry of carbon compounds is associated with 
nearly every aspect of our lives, including life itself. Nature is endowed with diverse 
organic molecules and man’s fascination with naturally occurring organic compounds 
(natural products) date back to prehistoric times. As scientific knowledge evolved, the 
quest for understanding the role and benefits of natural products increased 
progressively. In the 20th century, isolation, structure determination and study of 
biological activity of natural products emerged as a major theme of scientific enquiry 
in chemistry. Concurrently, synthesis of natural products, which harbor Nature’s 
virtuosity and enterprise in creating diverse architecture, became a major activity to 
drive the thriving field of organic synthesis. Indeed, in the 21st century, the art and 
science of organic synthesis, particularly natural product synthesis continues to 
explore new horizons of interdisciplinary research in the post-genomic era, releasing 
organic chemistry from its more traditional boundaries. The focus of total synthesis is 
shifting systematically from the mere confirmation of the structures of intricate 
natural products (main goal in the 20th century) towards development of novel 
synthetic methodologies and synthesis of new molecular entities, instigated by the 
desire to unravel new biological activity for drug discovery. Thus, pursuit of organic 
synthesis, particularly total synthesis of natural products, is a continuing saga of 
innovation, inspiration and human welfare.  
Our research group is engaged actively in the total synthesis enterprise and 
syntheses of many biologically active natural products with complex structures have 
emanated from our laboratory. The present thesis entitled, “Synthesis of bioactive 
marine meroterpenoids: frondosins and liphagal” is an endeavour along the same 
lines and is organized under two parts. Part A: Studies towards the total synthesis of 
frondosins A and B and Part B: A concise synthesis of liphagal.  
Part A: Studies towards the total synthesis of frondosins A and B 
In 1997, Freyer et al., during a high-throughput screening programme on 
natural product extracts for bioactive compounds with therapeutic potential towards 
inflammatory diseases, reported the isolation of five novel meroterpenoids frondosins 
A-E 1-5 (Figure 1) from the marine sponge Dysidea frondosa. A team of scientists at 
the National Cancer Institute (NCI) reported subsequently the isolation of frondosins A 
1 and D 4, as enantiomers of the previously isolated natural products, from the HIV 
inhibitory organic extract of an unidentified species of the marine sponge 
Euryspongia. The structures of the frondosins A-E display a clear sibling relationship 
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among them with subtle functional group and structural variations. An unifying 
architectural theme embellishing them is the presence of bicyclo[5.4.0]undecane ring 
system (AB rings) linked to variously permuted hydroquinone-based moieties (CD ring 
fragments), Figure 1. The frondosins 1-5 inhibit protein kinase C (PKC) and also 
binding of IL-8 to its receptor CX-CLR 1/2. Frondosin A 1 is the most potent 
compound against both IL-R α and IL-R β (IC50 = 3.4 and 3.2 µM, respectively) and 
inhibits PKC α with IC50 of 1.8 µM.  
Figure 1 
On account of their novel structural features and excellent biological activity, 
the frondosins 1-5 have aroused widespread attention from practitioners of total 
synthesis. Several imaginative synthetic strategies have been pursued in this context. 
Recognizing the promising bioactivity profile of the frondosins, their novel and 
complex architecture and topical interest, we embarked on a total synthesis of 1 and 
2 through a common, diversity-oriented strategy. Initially, we considered and 
evaluated a variety of strategies for the construction of appropriately functionalized 
bicyclo[5.4.0]undecane (AB) ring system present in these natural products. The basic 
synthetic plan had to be redrawn at various stages of synthesis, as many seemingly 
straightforward strategies could not be realized, which often is the case with major 
synthetic endeavours. These endeavours will be discussed in the main body of the 
thesis.  
RCM approach - rapid acquisition of the frondosin framework 
After many strategic explorations, it was planned to employ a ring-closing 
metathesis (RCM) based strategy for the purpose of constructing the 
bicyclo[5.4.0]undecane skeleton present in the natural products frondosins 1-5. In 
this context, it was decided to focus on the bicyclic ketone 6 as an advanced 
intermediate with a strategic placement of the carbonyl group that could be 
elaborated into the various natural products of this family. The ketone 6 was sought 
to be acquired through a retrosynthetic theme depicted in Scheme 1, in which RCM 
reaction in 8 Æ 7 was identified as the pivotal step. The RCM precursor 8 was sought 
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to be accessed through Michael-type conjugate addition of an allyl group to the 
arylidene-cyclohexenone 9 followed by addition of an allyl group to the carbonyl group 
employing a suitable organometallic reagent, Scheme 1. The key precursor 9 was 
sought to be prepared from commercially available starting materials employing 
classical maneuvers.  
Scheme 1 
 To implement the retrosynthetic theme of Scheme 1 and prepare the key 
precursor 9, the gentis aldehyde dimethyl ether 10 was subjected to Claisen-Schmidt 
condensation with cyclohexanone to furnish 11, Scheme 2. Base mediated geminal 
dimethylation in 11 led to the requisite precursor 9. The arylidene-cyclohexenone 9, 
on the Hosomi-Sakurai reaction using allyltrimethylsilane in the presence of catalytic 
amount of iodine, furnished an eqimolar mixture of the diastereomeric ketones 12a 
and 12b, Scheme 2.  
Scheme 2 
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Reagents and conditions: (a) Cyclohexanone, 1.0 M NaOH, reflux, 12 h, 70%; (b)
tBuOK, MeI, toluene, 0 oC-rt, 3 h, 85%; (c) Allyltrimethylsilane, cat. I2, DCM, 0 oC-rt, 5
h, 88% (12a:12b=1:1); (c') i. TiCl4, DCM, −78 oC, 30 min; ii. allyltrimethylsilane, −30 oC, 3 
h, 98% (12a:12b=0:1); (d) DBU, C6H6, reflux, 12 h, 50% conversion; (e) Zinc dust, allyl
bromide, THF, sonication, 10-15 oC, 15 min, 86%; (f) Grubbs' 1st generation catalyst, 
C6H6, reflux, 2 h, 65%; (g) Grubbs' 1st generation catalyst, C6H6, reflux, 1 h, 88%.
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Although, epimerization of 12a to thermodynamically more stable 12b could be 
achieved through its exposure to DBU in refluxing benzene, it was observed that 
employing TiCl4 as the catalyst for the Hosomi-Sakurai reaction led stereoselectively 
to 12b in excellent yield. Nevertheless, both the diastereomers 12a and 12b were 
considered serviceable for obtaining the bicyclic intermediates in quest for the 
frondosins. Addition of allyl group to the ketones 12a and 12b employing the zinc 
Barbier reaction furnished (in 1:1 ratio) the alcohols 13a,b (Scheme 2) and 15a,b, 
respectively, Scheme 3. RCM reaction employing Grubbs’ 1st generation catalyst on 
13a,b and 15a,b led to the bicyclic alcohols 14a,b and 16a,b, respectively. The 
stereostructures of these diastereomers and their precursors were deduced from 
single crystal X-ray analysis of the alcohol 14a and the triol 17, acquired on 
dihydroxylation of the olefinic moiety in 16a, Scheme 3.  
Scheme 3 
Successful construction of the bicyclo[5.4.0]undecane (AB) ring system of the 
frondosins in only three steps from readily available arylidene-cyclohexanone 9 and in 
five steps from commercial starting materials encouraged us to move forward towards 
6 with adjustment of functionalities, requiring regioselective elimination of tertiary 
hydroxyl group to obtain the tetrasubstituted olefin and an allylic oxidation to install 
the required carbonyl group. Though, we had four bicyclic diastereomers (14a,b and 
16a,b) at our disposal, all of them in principle could lead to the advanced 
intermediate 6 since the stereocentres present in them were destined to be 
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compromised during dehydration to deliver the tetrasubstituted double bond. In this 
context, dehydration of the trans ring-junction alcohol 14a by cat. BF3.OEt2 furnished 
exclusively the compound 18 in good yield. However, the other diastereomer 16b 
delivered an unexpected vinyl cycloporpane 19 as a result of an interesting 
carbocationic rearrangement, Scheme 4. 
Scheme 4 
On the other hand, the bicyclic alcohols 16a,b furnished exclusively the 
conjugated diene 20 on SOCl2 mediated dehydration, Scheme 5. Thus, the bicyclic 
dienes 18 and 20 appeared serviceable for further elaboration. However, the non-
conjugated diene 18 was refractory to regioselective allylic oxidation under a variety of 
reaction regimens. On the other hand, the conjugated diene 20 was more amenable to 
oxidative maneuvers, but delivered the cross-conjugated dienone 21 instead of the 
required linearly conjugated dienone 22, Scheme 5.  
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In a different foray to oxyfunctionalize the diene 20, a [4+2] cycloaddition of 
singlet oxygen was attempted. Thus, exposure of 20 to singlet oxygen yielded the 
endoperoxide 23 and its stereostructure was secured through single crystal X-ray 
structure determination of the hemiketal 24, formed on reductive cleavage of the 
endoperoxide 23 to the corresponding diol and further oxidation. However, the 
hemiketal 24 was found to be exceptionally refractory to further manipulations, 
Scheme 5. At this stage, it was realized that we might have hit a roadblock in our 
quest for the bicyclic ketone 6. Thus, despite achieving success in assembling the 
bicyclo[5.4.0]undecane framework present in the natural products 1-5 through RCM 
approach, it fell short of delivering the goal. The task of fixing the carbonyl at the 
requisite position in the seven-membered ring pushed us into a twilight zone and 
compelled us to mull over a modified approach. The alternative that we devised 
required placement of the carbonyl group prior to RCM protocol and this constituted 
the successful approach to the frondosin natural products.  
Total synthesis of frondosins A and B 
 Keeping in mind the pivotal role of RCM reaction in generating the seven-
membered ring and the centrality of the bicyclic ketone 6 as an advanced 
intermediate for the total synthesis of the frondosins, a new strategy was formulated 
and is retrosynthetically presented in Scheme 6. Accordingly, the keto-aldehyde 27 
emerged as an apt intermediate that could pave the way for the installation of the 
requisite carbonyl functionality. The Bicylic alcohol 25, obtained from 27, was 
considered well poised for elaboration to the frondosins 1 and 2. The precursor keto-
aldehyde 27 in this theme could also be accessed readily from the earlier deployed 
building block 9 (vide supra). 
Scheme 6 
Michael addition of the anion derived from nitromethane to the arylidene-
cyclohexenone 9 followed by the Nef reaction furnished the keto-aldehyde 27 as a 
single diastereomer, Scheme 7. Chemoselective addition of vinylmagnesium bromide 
to the aldehyde group in 27 was only marginally stereoselective to afford the β-
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hydroxy compound 28 as the major diastereomer and we proceeded further with this 
product. Allylation, using the zinc Barbier protocol, of the ketone 28 furnished a 1:1 
mixture of the diols 29a,b that led subsequently to the diastereomers 30a,b on 
selective TBDMS protection. Dehydration of tertiary hydroxyl group in 30a,b 
employing SOCl2/pyridine milieu and subsequent TBDMS ether deprotection afforded 
the compounds 31 and 32, Scheme 7. 
Scheme 7 
Both the trienes 31 and 32 were serviceable for evolution towards the 
advanced intermediate 6. RCM on 31, employing Grubbs’ 1st generation catalyst, led 
to the formation of the bicyclic dienol 33, Scheme 8. Oxidation of 33 led to the 
dienone 34 through a consequence of in situ 1,5-sigmatropic hydrogen shift during 
the reaction conditions. Catalytic hydrogenation in the dienone 34 led to the 
synthesis of the long awaited ketone 6, which could also be obtained from the triene 
32 throuh a series of operations depicted in Scheme 8. RCM, employing Grubbs’ 1st 
generation catalyst, on the compound 32 afforded the bicyclic alcohol 35, which on 
oxidation followed by regioselective hydrogenation of the resulting conjugated enone 
double bond delivered the advanced intermediate 6, Scheme 8. Further evolution of 
the ketone 6 to the target frondosins required introduction of a methyl group α to the 
carbonyl group in 6, in a regioselective and stereoselective manner, to furnish the 
ketone 36 that could be further evolved to the natural products. However, this 
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Reagents and conditions: (a) i. DBU, MeNO2, MeCN, reflux, 5 h, 96%; ii. Na, EtOH,  0 oC-
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THF, −78 oC, 1 h, 90-92% (α:β-OH=1:2); (c) Zinc dust, allyl bromide, THF, sonication, 10-
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seemingly straightforward transformation proved unexpectedly problematic and once 
again forced us to change tracks. 
Scheme 8 
We reverted back to the alcohols 30a,b and decided to swap the sequence of 
dehydration and RCM steps. Consequently, the alcohols 30a and 30b were subjected 
first to the standard RCM protocol to furnish the bicyclic compounds 37a and 37b, 
respectively. Dehydration in the bicyclic tertiary alcohols 37a,b mediated by thionyl 
chloride and subsequent TBDMS deprotection led to the dienol 33, Scheme 9. 
Regioselective partial hydrogenation in the dienol 33 afforded the alcohol 38 (Scheme 
9), which on oxidation furnished the ketone 39, Scheme 10. 
Scheme 9 
The bicyclic ketone 39 appeared to be an alternate substrate for attempting α-
methylation and indeed its exposure to base in the presence of methyl iodide 
furnished the bicyclic enone 40. Direct deprotection of the methoxy groups in the 
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compound 40 proved capricious and therefore a more circuitous deprotection protocol 
was desired. The hydroquinone derivative 40 was oxidized to the corresponding 
quinone 41 using CAN with concomitant demethylation, Scheme 10. Hydrogenation of 
the quinone 41 resulted in its rearomatization and led to the compound 42, which on 
exposure to BF3.OEt2 led to the formation of furan ring and delivered the frondosin B 
analogue 43. In the compound 43, all the four rings of the natural product are in 
place. Exposure of the compound 43 to PTSA milieu led to smooth isomerization of 
the trisubstituted olefinic bond to the tetrasubstituted bridgehead olefin to deliver 2, 
which was found to be spectroscopically identical (1H and 13C NMR) with the natural 
product frondosin B, Scheme 10.  
Scheme 10 
Thus, the total synthesis of frondosin B 2 was accomplished in 17 linear steps 
(13 operations) and 5% overall yield from commercially available starting materials via 
a relatively simple and inherently flexible synthetic strategy employing ring-closing 
metathesis protocol as the pivotal step. The bicyclic enone 40 has been elaborated 
earlier to the natural product frondosin A 1. Therefore, our synthesis of 40 also 
constitutes a formal synthesis of frondosin A 1. During our successful travails, the 
RCM-based methodology developed in the context of the synthesis of frondosins A 1 
and B 2 yielded some dividends and made available a diverse range of scaffolds 
related to the natural products. Some of them are displayed in Figure 2. Indeed, the 
synthetic approach delineated here can be deployed for generating systematically a 
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wide range of synthetic analogues for the structure-activity relationship (SAR) studies 
and detailed evaluation of this promising class of compounds.  
Figure 2 
Part B: A concise synthesis of liphagal 
During our travails towards the total synthesis of the frondosins A and B, we 
came across an interesting bioactive natural product liphagal 44 (Figure 3), bearing 
striking resemblance to the frondosin scaffold and exhibiting intriguing biological 
activity. Liphagal 44 is a meroterpenoid of marine origin, isolated from a sponge Aka 
coralliphaga collected from the reefs in Prince Rupert Bay, Portsmouth, Dominica. It 
embodies an unprecedented “liphagane” meroterpenoid carbon skeleton.  
Figure 3 
Apart from having an interesting framework, liphagal 44 is also characterized 
by its notable biological activity against PI3K enzyme implicated in cancer. In a 
primary fluorescent polarization enzyme assay, it displayed about 10-fold more 
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selectivity towards PI3K α  (IC50 = 100 nM) than PI3K γ. It is more potent PI3K 
α  inhibitor than LY 294002 47, a synthetic analogue of natural flavonoid quercetin 
46, and more selective than the natural product wortmannin 45. Not surprisingly, 
liphagal was found to exhibit significant cytotoxicity against a select panel of human 
tumor cell lines. The significant biological activity of liphagal 44 and its novel and 
complex architecture enticed us to pursue its total synthesis. A biomimetic approach 
towards the total synthesis of liphagal 44 is described in this portion (part B) of the 
thesis.  
While embarking on the ambitious objective of the total synthesis of liphagal 
44, it was essential to delineate a viable strategy through retrosynthetic analysis. This 
is depicted in Scheme 11 and led to the key intermediate 49, which on cationic 
polyene cyclization, involving furan as the terminating moiety, could deliver 48, 
comprising the complete tetracyclic framework of the natural product. Compound 49 
was planned to be assembled from the benzofuran 50 and a monoterpenoid moiety. 
The benzofuran 50 was to be acquired in turn from commercially available 2,4,5-
trimethoxy benzaldehyde 51 following a single pot furan annulation protocol. 
Scheme 11 
The 2,4,5-trimethoxy benzaldehyde 51 was elaborated to the 
bromobenzaldehyde derivative 52 via selective deprotection of the aromatic methyl 
ether functionality followed by regioselective bromination, Scheme 12. The 
bromobenzofuran 53 was acquired from 52 in a one-pot operation through its 
annulation with 2-chloroacetone involving acetonylation of the phenolic hydroxyl 
group and aldol cyclization with the ortho-aldehyde group, Scheme 12. 
Scheme 12 
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Reagents and conditions: (a) i. BBr3, DCM, 0 oC-rt, 16 h, 87%; ii. Br2, AlCl3, DCM, 
0 oC-rt, 5 h, 77%; (b) K2CO3, 2-chloroacetone, butane-2-one, reflux, 3 h, 76%.
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The ready availability of benzofuran 53 set the stage for its union with the 
monoterpenoid moiety. Carefully controlled alkylation of the geranyl bromide 54 with 
the anion derived from 53 furnished the furanyl ketone 55, Scheme 13. Wittig 
olefination of 55 led to the exo-methylene product 56. Regioselective catalytic 
hydrogenation of the exo-methylene double bond in 56 led to 57 and set the stage for 
the projected polyene cyclization cascade. Exposure of 57 to chlorosulfonic acid in 2-
nitropropane resulted in smooth polyene cyclization to furnish a diastereomeric 
mixture (1:2.5) of the tetracyclic bromides 58a (α-Me) and 58b (β-Me), respectively, 
Scheme 13. 
Scheme 13 
In a complimentary sequence to 58a,b, carefully controlled alkylation of the 
bromobenzofuran 53 was implemented with readily available cyclogeranyl bromide 59 
to furnish the furanyl ketone 60, Scheme 14. Wittig olefination in 60 and 
regioselective hydrogenation rendered the polyene cyclization precursor 61. 
Chlorosulfonic acid promoted polyene cyclization of 61 in 2-nitropropane delivered a 
mixture (1:2.5) of tetracyclic bromides 58a (α-Me) and 58b (β-Me), respectively. 
Scheme 14 
The strategically positioned nuclear bromine substituent in 58a,b was now 
transformed into an aldehyde group via metal-halogen exchange and DMF mediated 
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formylation to furnish a conveniently separable (HPLC) mixture of the liphagal 
dimethyl ether 62a and the 8-epi-liphagal dimethyl ether 62b, Scheme 15. Both 62a 
and 62b were found to be spectroscopically identical (NMR and Mass) with the 
reported compounds. Since demethylation of the α-epimer 62a to liphagal 44 
employing BI3 has already been reported, our acquisition of the liphagal dimethyl 
ether 62a constitutes a formal synthesis of the natural product. 
Scheme 15 
Successful synthesis of the liphagal dimethyl ether 62a and its C-8 epimer 62b 
encouraged us to explore this strategy for the preparation of their 14-des-formyl 
analogues to create diversity around its bioactive scaffold. The benzofuran 64 was 
synthesized from the 2,4,5-trimethoxy benzaldehyde 51, via phenol 63, and 2-
chloroacetone, Scheme 16.  
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Ph3P+CH3Br−, nBuLi, 0 oC, 30 min, 80%; ii. 5% Pd-CaCO3 poisoned with Pb, H2, MeOH, rt, 30
min, 92%; (e)  ClSO3H, 2-nitropropane, −78 oC, 30 min, 40-45%.
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Reagents and conditions: (a) i. nBuLi, THF, −78 oC, 5 min; ii. DMF, −78 oC-rt, 1 h, 75%.
44
O
HO
OH
CHO
H
BI3
Synopsis                                                                          
 xxii
 Alkylation of the benzofuran 64 with geranyl bromide afforded the ketone 65, 
which was transformed into the polyene cyclization precursor 66 through steps 
involving Wittig olefination and regioselective hydrogenation, Scheme 16. Polyene 
cyclization in the compound 66 was mediated by chlorosulfonic acid to afford a 
diastereomeric mixture 67 of tetracyclic compounds, which have been earlier 
converted to 14-des-formyl liphagal 68 through deprotection of the aromatic methyl 
ether moieties. In summary, a simple, concise, biomimetic strategy towards the total 
synthesis of bioactive marine meroterpenoid liphagal 44 has been devised. Synthesis 
of the dimethoxy liphagal 62a and its C-8 epimer 62b was achieved in only six linear 
steps from the bromobenzofuran 53 and in eight steps from commercially available 
2,4,5-trimethoxy benzaldehyde 51. The methodology was also extended to 
demonstrate its utility for the synthesis of liphagal analogue.  
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